The polydisperse circular deoxyribonucleic acid (DNA) molecules which comprise up to 30% of the total extractable DNA of Bacillus megaterium strain 216 have been purified and partially characterized. Banding in cesium chlorideethidium bromide by "gradient relaxation" in a fixed-angle rotor provided good resolution of circular and chromosomal DNAs for preparative separations. Renaturation studies on purified circular DNA failed to reveal a rapidly renaturing fraction, and DNA-DNA hybridization studies indicated that the majority of the chromosomal nucleotide sequences are represented in the heterogeneous-size population of circular molecules. It is concluded that the circular DNA of B. megaterium does not represent typical bacterial plasmid DNA. The possibility that the circular DNA molecules are the result of the expression of a defective bacteriophage is discussed.
Circular, covalently closed, duplex deoxyribonucleic acid (DNA) molecules have been shown to occur in both prokaryotic and eukaryotic organisms, and in both animal and bacterial viruses. Such molecules can represent the entire genome of an organism, or may constitute independently replicating extrachromosomal genetic elements. Among the bacteria, DNA elements fitting the latter description, and referred to as plasmids, are widespread; plasmids which are capable of integration into the host chromosome are called episo-mal plasmids or episomes (22) . Bacterial plasmids usually contain genetic information which is not essential to the survival of the organism. Historically, the existence of plasmids has been recognized by the properties they confer on the host organism; however, several examples of extrachromosomal DNA elements of unknown function have been found in bacteria and are referred to as "cryptic plasmids" (22) . Considerable effort has been expended on the genetical and physical characterization of bacterial plasmids, particularly among the Enterobacteriaceae (12, 22, 29) . The plasmids whose nucleic acids have Although there is as yet no well-documented report of a bacterial plasmid within the genus Bacillus, we have reported previously (7) that up to 30% of the total extractable DNA in Bacillus megaterium strains could be isolated in the form of small, closed circular duplex DNA molecules of heterogeneous size. In the present report we describe the results of physicochemical studies characterizing this DNA and present evidence indicating that the circular DNA of B. megaterium does not represent a bacterial plasmid.
MATERIALS AND METHODS
Bacterial strains. B. megaterium strain 216 (megacin A and megacin C producer) was used throughout this study. The source and maintenance conditions have been described (7 18 -drop fractions were collected from the bottom of the tube and samples were assayed for radioactivity (5) . Fractions containing the two DNA bands were pooled separately, dialyzed exhaustively against SSC, and treated with a mixture of boiled pancreatic RNase (50 ug/ml) and RNase T1 (2 ,g/ml) for 60 min at room temperature. Autolyzed Pronase (2) was added to a final concentration of 50 gg/ml and the mixtures were incubated an additional 30 min at room temperature. Further deproteinization with chloroform-isoamyl alcohol and overnight dialysis against SSC followed the enzymatic treatments. DNA concentrations were determined by spectrophotometric measurement (33) or colorimetric assay (6, 17) or both after each dialysis. The purification steps were repeated until constant specific radioactivities were attained. Single-strand breaks or "nicks" were introduced by limited digestion with DNase I as described by Roth and Hayashi (28) . Conditions resulting in a minimum of one nick per closed circular DNA molecule were established by monitoring conversion of such molecules from the more dense to the less dense banding form in CsCl-ethidium bromide gradients (25) . 32P-labeled lambda phage DNA (gift from C.M. Radding) was used as a density marker. Nicked DNA was sheared by rapid passage through a 27-gauge hypodermic needle (35) .
DNA denaturation-renaturation. Thermal denaturation and renaturation profiles were determined in a model 2000 Gilford recording spectrophotometer equipped with a fifth channel for temperature recording. A Haake circulating pump, equipped with a Neslab TP-1 programmer, was employed for temperature control. Samples to be compared were dialyzed in the same vessel versus the solvent to be used. Melting temperature (Tm) determinations in 1 x SSC were essentially the same as described by Marmur and Doty (21) . Thermal renaturation profiles were determined by the method of Marmur and Doty (20) in 2 x SSC.
DNA-DNA hybridization. The procedure of Denhardt (8) was followed with the exception that both preincubation and annealing were done in new, glass scintillation vials. Type B-6 nitrocellulose membrane filters (Schleicher and Schuell, Keene, N.H.) were first wetted in distilled water, then soaked in 6 x SSC at room temperature before addition of the 32p_ labeled DNA to be immobilized. A linear relationship between counts per minute loaded and counts per minute remaining fixed to the filter after incubation was consistently obtained. Denatured, 8H-labeled chromosomal or circular DNA served as input. DNA was denatured by heating 10 min in a boiling-water bath followed by quick cooling in an ice-water bath.
Annealing in 6 x SSC was at 60 C (Tm -25; 16) for 24 h. After washing with 6 x SSC, filters were dried and counted in vials with 10 ml of toluene containing 2.5 of 2, 5-diphenyloxazole (PPO) per liter in a Packard Tri-Carb liquid scintillation spectrometer using standard settings for 3H-32P double-label counting. In the design of these experiments, care was taken to insure that the range of input DNA/immobilized DNA ratios was such that the percentage of input DNA hybridized was relatively constant.
RESULTS
Purification of circular and chromosomal DNA. The separation of circular DNA and chromosomal DNA is complete under the conditions of gradient relaxation-dye buoyant density centrifugation employed (Fig. 1) .
With 32P-labeled preparations, the denser DNA peak was obscured by the presence of 32P-labeled contaminant(s) localized in a diffuse area near the bottom of the tube (Fig. 1B) . This material was judged to be RNA, since treatment with the mixture of ribonucleases removed the bulk of the smeared 'P revealing a profile similar to that for the 8H-labeled DNA. Neither ribonuclease nor Pronase treatment decreased the percentage of DNA isolated as supercoiled circles, however, the specific radioactivity of the circular DNA was considerably increased after the ribonuclease treatment, based on the 260-nm absorbance. Removal of the RNA was found to be particularly critical for thermal melting experiments, since crude preparations did not show a normal hypochromic shift. The experiments described be- low were, therefore, performed with DNA preparations purified to a constant specific radioactivity, nicked, and sheared.
Tm determinations. A comparison of the thermal denaturation temperatures of purified circular DNA and chromosomal DNA is shown in Table 1 . These values were reproducible within -0.2 C in several experiments on independently prepared samples. The small apparent difference in Tm observed between the two B. megaterium DNA fractions reflects a predicted difference in bass composition of less than 1% guanine plus cytosine. It should be noted that the Tm reported for circular DNA was obtained with material isolated in the closed circular form but nicked with DNase I and then sheared. The atypical thermal denaturation profiles obtained with closed circular duplex DNA described earlier (32) were observed with our purified but otherwise untreated (not nicked) DNA preparations.
Renaturation kinetics. Renaturation profiles of purified circular DNA and chromosomal DNA are shown in Fig. 2 . The similarity of the profiles of the two DNA preparations from B. megaterium and comparison with the results reported by Marmur and Doty (20) for DNA from Diplococcus pneumoniae and bacteriophage T6r+ indicate that both the circular DNA and the chromosomal DNA reassociate at the rate expected of typical bacterial DNA. There is no suggestion of a rapidly renaturing fraction in the circular DNA which would indicate the presence of repetitive copies of particular nucleotide sequences. Since the rate of reassociation is dependent on the molecular weight of the sample, it was necessary to confirm that the method of shearing produced fragments of equivalent sizes from the two DNA fractions. Neutral zone sedimentation experiments, performed as described previously (7) , indicated that samples of both circular and chromosomal DNA sheared after nicking as described in Table 2 . These representative data show that (i) in the absence of immobilized DNA there is no significant nonspecific binding of the input material; (ii) there is a constant amount of immobilized 32P-DNA remaining at the end of the annealing process; and (iii) even at low input levels the amount of 3H-DNA hybridized is well above background.
Comparative saturation curves for chromosomal and circular input fractions annealed to chromosomal immobilized material are shown in Fig. 3 (top) . It is clear that there is extensive homology between the circular and chromosomal fractions, calculated at about 80% by the method of Richards (26 and circular DNA reveals a small apparent difference in base composition; the difference observed, indicating less than 1% in guanine plus cytosine composition, may or may not be of significance. In this regard, it should be pointed out that we have previously (7) n (chromosoWith the exception of the case described by 'ine, heterolo-Carlton and Helinski (7) and in this report, al DNA).
circular DNA molecules have not been previ-ously demonstrated in Bacillus species. Nor has well-documented genetic evidence been reported for the existence of a plasmid in bacilli, although other investigations have suggested the possibility (15, 27) . The results of the present studies indicate that the circular molecules isolated from B. megaterium probably do not represent typical plasmid DNA, although such molecules could comprise a minor fraction of the heterogeneous DNA population. It seems more probable that the majority of the circular DNA molecules represent a polydisperse mixture of circularized chromosomal DNA segments. Although the physiological significance of these elements remains obscure, a reasonable explanation for the origin of the circular DNA elements is that these molecules are the result of the expression of a defective bacteriophage. As shown by Marmur and his colleagues (23, 24, 30 ) the defective B. subtilis phage PBSX exclusively incorporates fragments of host DNA into phage coats. Haas and Yoshikawa (10, 11) have described the intracellular development of a defective phage in B. subtilis which they refer to as PBSH and which, like PBSX, packages only bacterial DNA in mature virus particles. After induction of PBSH, extensive DNA synthesis occurs and most of the DNA in phage particles is newly replicated host DNA. Apparently, after induction the bacterial chromosome undergoes multiple reinitiation at the origin and this DNA is randomly fragmented and packaged in phage coats (10, 11) .
While no evidence has been presented to show that there is a circular stage for the DNA which is replicated and packaged in the defective phages of B. subtilis it is conceivable that there is a similar process in B. megaterium with the added feature of circularizing the chromosomal fragments. Although electron microscope studies of ultraviolet-induced B. megaterium lysates have failed to reveal either complete or incomplete phage particles (13) a phage defective in coat protein synthesis could be responsible for the fragmentation of the chromosome and subsequent circularization of the fragments. In this regard Ivanovics et al. (14) have suggested that the bacteriocin, megacin A, produced by the strain employed in the studies reported here, is the result of the expression of a defective bacteriophage. Preliminary studies (R. C. Henneberry, unpublished experiments) on the effects of ultraviolet irradiation and mitomycin C induction of B. megaterium strain 216 have shown an increase in the percentage of circular DNA produced in the cells, prior to lysis, of 30 to 60% over uninduced cultures; lysis is accompanied by a 5 log increase in megacin A production. These data are consistent with, but of course do not prove, the hypothesis that defective phage expression and megacin A production are related. There is as yet no direct evidence indicating a relationship between the circular DNA molecules of B. megaterium and the production of megacin by this organism.
Regardless of the origin, one is still faced with the questions of the molecular significance of the intact circular nature of these molecules and the molecular mechanism by which circularization takes place. Although we have no data on this point as yet, Leavitt et al. (18) have recently shown that short segments of genetic material transferred by conjugation from Escherichia coli to Salmonella typhosa can persist in a small, covalent circular configuration in the Salmonella exconjugants. Although the mechanism of the circularization of these genetic fragments has not been elucidated, it appears inescapable that this phenomenon does occur in several systems. At this point we defer speculation on the mechanism involved until further data are available. Studies along these lines and attempts to elucidate the physiological significance of the production of these circular DNA elements in B. megaterium are in progress.
